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FOREWORD 


This report describes results of work sponsored by the 
National Aeronautics and Space Administration from June 28, 
1974, to June 28, 1975, under Contract NAS 3-17815, Mr. 

John Merutka, Project Manager, and was prepared by Cor- 
porate Research and Development, General Electric Company, 
Schenectady, New York. 

Also included in this report is additional work sponsored 
by the General Electric Company in areas that are of interest 
to the current effort but not within the scope of this contract. 
Specifically, results of (a) 750°C and 1150°C cyclic exposure 
of pins, and (b) cyclic exposure of coated rupture bars in 
static air furnace exposures, and subsequent stress rupture 
testing and metallography. 
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UNIT CONVERSION TABLE 


S. I. units are used throughout the report. Tables and figures (where 
possible) have S. I. units with standard American units in parentheses. In 
the text, only S. I.~ units are shown. The conversions for commonly en- 
countered values are listed below. The principal measurements were taken 
with instruments calibrated in American units, except for weight, which was 
measured directly in milligrams. 


Linear measure 

0. 00254 cm 

0. 001 inch 


0. 075 cm 

0. 030 inch 


0. 254 cm 

0. 1 inch 


0. 635 cm 

0. 250 inch 

Temperature 

871°C 

1100“C 

1600°F 

2012°F 

Stress 

434.4 MN/m® 

63.0 ksi 


103.4 MN/m® 

15. 0 ksi 


X 



GENERAL'^ ELECTRIC 


SUMMARY 


This program was undertaken to develop an environmentally stable 
coating for a very high strength, directionally solidified eutectic alloy desig- 
nated NiTaC-13 (Ni-3. 3Co-4. 4Cr-3. lW-5. 4A1-5. 6V-6. 2Re-8. lTa-0. 54C). 
The program consists of the following tasks: 

Task I - Coating Development Study 

Task II - Testing of Coatings 

Task III - Reports of Work 

In Task I, coatings were deposited onto pin substrates, and screening 
tests were performed on several base protection systems: 

• Ni-20Cr-10Al-lY 

• Ni-20Cr-5Al plus aluminide 

• Co-30Cr-5Al-lY 

The most promising coatings were three duplex (two-layeT) coatings 
which survived 3000 hours on a cyclic oxidation test (1100° to 90°C). These 
coatings were fabricated by first depositing a layer of NiCrAl(Y) by vacuum 
evaporation from an electron beam heated source followed by depositing an 
aluminizing overlayer using a pack cementation process. The coating com- 
positions were variations of those designated NASCOAT 70 by NASA: 

Ni-20Cr-5Al+Al 

Ni-20Cr-5Al-lY+Al 

Ni-20Cr-10Al-lY+Al 

With these coatings, the substrate after cyclic exposure, showed denuded 
carbide fibers. 

It was demonstrated that TaC fiber denudation can be greatly retarded 
by applying a carbon -bearing coating. The composition Ni-20Cr-5Al-0. IC- 
0. lY was applied by thermal spraying using a wire source followed by alum- 
inization to achieve the best oxidation resistance. Specimens coated with 
NiCrAlCY+Al survived more than 2000 hours on the cyclic oxidation test 
with essentially no TaC denudation. 

In Task II, two coatings from Task I were selected for further study: 

Ni-20Cr-5Al+Al 

Ni-20Cr-5Al-0. lC-0. lY+Al 

These coatings were given detailed evaluation as follows: 

(a) Bend ductility tests, 

(b) Stress -rupture tests at 871°C and 1100°C after cyclic 
burner rig exposure at 1100*^C, 

(c) Metallurgical analyses. 
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Both coatings provided for stress rupture lives far in excess of lives 
for uncoated, cycled NiTaC-13. Lives -were superior to those for bars 
coated with Ni-35Cr-hA.l, and nearly equivalent to those for bars coated with 
Ni-20Cr-15Al-lY, reported in an earlier study (ref. 6). 

In room-temperature bend ductility tests, cracks in the Ni-20Cr“5Al+Al 
occur at 0. 5% to 0. 6% strain; however, no crack propagation into the sub- 
strate was observed. 


INTRODUCTION 

Directionally solidified eutectic alloys are being considered as possible 
jet engine turbine blade materials (ref. 1). Because their highly aligned 
microstructures are formed during solidification, they offer potential struc- 
,tural stability and property retention to a greater fraction of their solidifi- 
cation temperatures than do other materials. To maintain surface integrity 
at service temperatures approaching 1100°C, protective coatings are required. 

To ease the transition from present conventional alloys to aligned 
eutectics, it is desirable from a design standpoint to develop eutectics which 
have characteristics similar to, but improved over, these alloys. One of 
the most advanced eutectic alloys designed by the General Electric Company 
Aircraft Engine Business Group (AEBG) to approach this goal is NiTaC-13. 

The melt composition from which this eutectic alloy is grown is Ni-3. 3Co- 
4. 4Cr-3. lW-5. 4A1-5. 6V-6. 2Re-8. lTa-0. 54C, in weight percent (ref. 2). 
Transverse and longitudinal views of the aligned micro'structure are shown 
in figure 1. The brightest phase is the monocarbide fiber formed at solidi- 
fication, (Ta, V)C, The fibers are approximately 1 pm in cross section and 
are 2 to 4 volume percent of the microstructure. The darkest phase is Y‘, 
the face-centered-cubic ordered structure based on NisAl. This phase pre- 
cipitates from the austenitic y matrix during the cool-down following solidi- 
fication. It is present, as basically cubic particles, about 1 Pm on a side. 
Relative to the surrounding f. c. c. y network, the y' phase is enriched in Al, 
and Ta, and is poor in Re, Cr, V, and W. 

For alloys similar in composition to NiTaC-13, the f. c. c. fiber and y 
have a common growth axis,(l00), and {llOj'pa^Q 1| {110} y j] y-TaC interface 
(refs. 3 and 4). From longitudinal and transverse sections, it can be found 
that the cube faces of the y' precipitate are [lOO] planes and are parallel to 
the same plane in the y matrix. 

Unlike conventional superalloys containing 15 to 20 wt% Cr, NiTaC-13 
contains only 4. 4 wt% Cr. As might be expected, the alloy exhibits poor 
oxidation resistance (ref. 5). A coating with a high concentration of Cr and/ 
or Al should provide oxidation protection. In a previous study (ref. 6), seven 
coating compositions deposited by electron beam evaporation were evaluated 
for NiTaC-13. These coatings included three NiCrAlY compositions (30-5-1, 


2 





CO 


Figure 1. Scanning electron micrographs of as -directionally solidified NiTaC-13: ' 
(a) transverse, 620X, (b) transverse, 2580X, (c) longitudinal, 620X, 
(d) longitudinal, 2 5 SOX. 
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25-10-1, and 20-15-1), two FeCrAlY compositions (30-5-1 and 25-10-1), 
one CoCrAlY composition (25-10-1), and one duplex coating, Ni~35Cr+Al. 
Based on cyclic oxidation tests and stress rupture tests, it was determined 
that the Ni-Cr-Al-Y coating compositions were preferred, and these compo- 
sitions were potentially very useful. 

This present study was undertaken to further study and develop coatings 
for NiTaC-13. It consisted of the following tasks: 

Task I - Coating Development Study 
Task II - Testing of Coatings 
Task III - Reports of Work 

In Task I, coatings were deposited onto pin substrates, and screening 
tests were performed on the following base protection systems: 

Ni-20Cr-10Al-lY • 

Ni-20Cr-5Al plus alurainide 
Co-30Cr-5Al-lY 

The low aluminum Ni-base alloy plus aluminide coatings are composi- 
tional variations of NASA Lewis Research Center developed and patented 
protective layers that have been designated NASCOAT 70 (refs. 7 through 
10). The duplex aluminizing of vacuum-deposited coatings has been patented 
by the General Electric Company (refs. 11 and 12). The Ni-20Cr-10Al-lY 
system was modified by: (a) the addition of carbon, (b) employing a platinum 
layer as a possible diffusion barrier between the substrate and the NiCrAlY 
coating, and (c) shot-peening the coating. The first two modifications are 
aimed at avoiding fiber denudation. During the previous study (ref. 6), it 
was found that near the coating -substrate interface, TaC fibers disappeared 
during high -temperature oxidation. In an attempt to identify the cause of 
carbide denudation, a NiTaC-13 pin coated with 75 P-m of a NiCrAlY compo- 
sition was machined to remove <^37 pm of the coating thickness over regions 
M). 3 cm long. After 1000 hours of oxidation exposure at 1100°C, the pins 
were examined along the midplane of longitudinal sections. Regions with 
75-pm-thick coatings showed approximately twice the fiber denudation as the 
regions with 37 pm of coating. The conclusion was that the coating acts as 
sink for carbon. Two possible methods of avoiding fiber loss were investi- 
gated. These were including carbon in the coating and using a platinum 
layer to suppress diffusion of carbon into the coating. 

The shot-peening process was used to density the coating and, perhaps, 
to induce recrystallization of the coating. Yttrium was added to the Ni-base 
coating systems to evaluate the possible decrease in the tendency for AI2O3 
film spallation from the coatings. 

The Co-30Cr-5Al-lY system was modified by use of a ductile Ni inter- 
layer and by post -aluminizing treatments. Earlier work (ref. 6) indicated 
a tendency for delamination at the coating-substrate interface. 
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Duplicate specimens of coated pins were subjected to thermal cyclic 
testing. Metallographic evaluations were made on all tested specimens.' 

For Task II, the most promising coating modifications developed in Task 
I were given detailed evaluations as follows: 

a. Room “temperature bend ductility tests, 

b. Stress -rupture tests after cyclic burner pig exposure, 

c. Metallurgical analyses. 

In addition to the tasks described above, some supplemental testing is 
reported here which was performed in General Electric -supported studies 
which complements the work in the tasks. 

MATERIALS AND TEST SPECIMENS 

Ingots of the source alloys were prepared by induction -melting high- 
purity metals in a low-pressure, nonoxidizing environment, and then casting 
the alloys in an argon atmosphere. 

The specimens used for this study were electrodischarge machined from 
directionally solidified NiTaC-13 ingots that were melted with an r-f heated 
(radio frequency) graphite susceptor system and solidified at 0. 635 cm/hr. 

The pin samples were 4. 4 cm long and 0.25 cm in diameter while test bars 
were 0. 25 cm in diameter by 0. 95-cm-long gauge sections. The TaC fiber 
direction was along the axis of the specimens. 

In previous studies of the oxidation behavior of coated NiTaC-13, it was 
found that uncoated or thinly coated ends led to rapid weight losses (ref. 6). 

The losses were caused by oxidation of the ends and subsequent interf acial oxida- 
tion at the coating -sub str ate interface. To avoid this behavior, eachpinwas "end- 
capped" by depositing a weld bead of Ni20Cr at one end and welding on an~l-cm- 
long, 0. 24-cm-diameterNi20Cr wire to the other. The wire extension was fitted 
into holders during coating procedures. In this way, the NiTaC-13 was given a 
uniform coating exposure, while the parts of the pins that were more lightly coated 
as a result of line -of-sight limitations were Ni20Cr. Localized coating perfora- 
tion caused by the thin deposition in these regions is therefore less likely to result 
in rapid oxidation, and should produce more representative weight-change data. 

For the coatings deposited by vacuum evaporation using electron beam 
heating, a section was cut from the source ingot and placed in the water- 
cooled crucible. Prior to deposition, the specimens were centerless ground 
and lightly abraded with alumina powder. One or more specimens were 
mounted approximately 10 cm from the source in a specially designed motor- 
driven rotating device which turns them at approximately 10 rpm during 
deposition. The specimen temperature was controlled by use of a 'resistance - 
heated refractory metal foil mounted behind the pins. The pin temperature 
was measured using a Pt/Pt-Rh thermocouple placed in a stainless steel 
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tube (approximately the same mass as the specimens) which was mounted in 
close proximity to the specimens. The specimens were coated with a. layer 
75 to 100 (im thick, using a deposition temperature of 950° to 1000°C and a 
deposition rate of 4 to 5 pm/ min. ' 

The metal -sprayed specimens were coated using a flame -spray gun 
(wire feed) and a thermo spray gun (powder feed). A motor -driven rotating 
device turned a substrate pin at 200 rpm during deposition. The gun-to- 
substrate distances used were about 15 cm for the wire -source spraying 
and about 7 cm for the powder -source spraying. 

The Pt layers 'were deposited by r-f sputtering. Several pin specimens 
held in fixed positions were placed 3. 5 cm from the cathode and were sputter - 
deposited for 74 minutes, using a power of 500 watts. The system was cooled, 
opened, and the pins were rotated 120°. Then, the previously described sputter 
process was repeated. Again, the pins were rotated 120° and the sputter 
process was repeated. By this technique, a reasonably uniform Pt layer 
approximately 5 Pm thick was deposited on the pin specimens. 

Duplex coated samples were pack-aluminized in a 1^ A1 pack at 1060°C 
for 3 hours. The furnace atmosphere was dry argon. Sufficient AI-AI2O3 
mixed powder was included in the pack to produce approximately 6 mg /cm® 
of A1 during the pack cementation. 

COATING EXPERIMENTS 
Electron Beam Coatings 

The following source ingots were used for E. B. depositions: 

Ni-20Cr-10Al-l.Y 
Ni-20Cr-5Al ' 

Ni-20Cr-5Al-lY 

Co-30Cr-5Al-lY 

Previous experience has shown that a nearly steady-state vapor com- 
position is reached using NiCrAlY-type sources under the conditions of 
these experiments after the equivalent of one deposition run. Hence, the 
coatings in this study were deposited after the source ingot had been so 
conditioned. 

At least three pins were coated with each of the above compositions. 
Representative samples were cut from one of the specimens for metallographic 
examination in the as -deposited and as -heat-treated (3 hours at 1160°C in 
argon) conditions. The other two or more pins were subjected to the cyclic 
oxidation test. 

Figure 2(a) shows the Ni-20Cr-10Al-lY coating in the as-deposited con- 
dition. The coating is practically flaw -free and is well bonded to the substrate. 
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(a) 



(b) 

Figure 2. Ni-20Cr-10Al-lY coating E. B. deposited onto 
NiTaC-13; (a) as -deposited, (b) heat treated 
3 hours at 1160“C in Ar. 500X 
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After heat treatment, the coating is further densified, as is shown in figure 
2(b). It can be noted that there is. a region of carbide denudation after heat 
treatment and' that a nearly continuous layer of a second-phase precipitate, 
probably a high-chromium phase, is present near the coating substrate inter- 
face. 

The as-deposited Ni-20Cr-5Al coating is shown in figure 3(a). It can be 
seen that there are some radial flaws in this coating. These flaws were not 
healed by heat treatment, as can be seen in figure 3(b). 

In contrast, there are very few flaws in the as -deposited Ni-20Cr-5Al-iy 
coating shown iri figure 4(a). This coating after heat treatment is shown in 
figure 4(b). It can be seen that the coating is very flaw-free and that the 
precipitate layer observed near the Ni-20Cr-lGAl-lY/substrate interface is 
almost nonexistent. There is evidence of oxidation at the surface of the 
heat-treated Ni-20Cr-5Al-iy coating; perhaps the furnace atmosphere was 
not thoroughly dry. 

The as -deposited Co-30Cr-5Al-lY coating is quite flaw-free, as can be 
seen in figure 5(a). After heat treatment, the coating is further densified 
and there is little or no evidence of substrate decarburization as is shown in 
figure 5(b). 

Pin specimens were coated with a 12-/im-thick layer of Ni, followed by a 
75-/im-thick layer of Co-30Cr-5Al-lY. Metallographic samples were pre- 
pared in the as-deposited, as -heat -treated, and as-aluminized conditions. 
These are shown in figure 6.. The Ni layer forms an excellent bond between 
the substrate and the coating; however, some evidence of carbide denuding, 
apparently caused by the Ni layer, can be seen. Three of these specimens 
were aluminized and placed on the cyclic oxidation test; one of them was 
heat treated and placed on the cyclic oxidation test. 

Three E.B. deposited Ni-20Cr-10Al-lY coated pin specimens were shot- 
peened, heat treated, and placed on the cyclic oxidation test. Samples of 
this coating were examined metallographically before and after the shot- 
peening; the shot-peening had densified the coating, as can be seen in figure 

7. 


Metal Spray Coatings 

An ingot containing Ni-20Cr-10Al~0. 3Y-0. 3C was melted and cast. Sev- 
eral attempts were made to fabricate this composition into wire to be used 
for applying carbon bearing coatings by metal spraying. However, the 
excessive brittleness of this alloy precluded that approach. An attempt was 
made to reduce the ingot to powder so that it could be applied by plasma 
arc spraying. Unfortunately, it was too tough to be ball-milled effectively. 
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(b) 

Figure 3. Ni-20Cr-5Al coating E.B. deposited onto 
NiTaC-13: (a) as -deposited^ (b) heat 

treated 3 hours at 1160®C in Ar. 50 OX 
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(a) 



(b) 

Figure 4, Ni-20Cr-5Al-lY coating E.B- deposited 
onto NiTaC-13: (a) as -deposited, (b) heat 
treated 3 hours at 1160“C in Ar, 500X 
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(a) 



(b) 

Figure 5. Co-30Cr-5Al-lY coating E.B. deposited 
onto NiTaC-13: (a) as -deposited, (b) beat 

treated 3 hours at 1160®C in Ar. 500X 
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(a) 



(b) 

Figure 7. EoBo deposited Ni-20Cr-10Al-lY on 
NiTaC-13: (a) as -deposited and shot 
peened, (b) after shot peening and heat 
treatment, 50 OX 
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An ingot containing Ni-20Cr-5Al-0. lY-0. 1C was prepared and this was 
successfully swaged to 0. 32-cm-diameter wire suitable for metal spraying. 
Pin specimens were coated with layers about 50 to 100 fxui thick using gun 
flame to preheat the surface. The coating as deposited is quite nonuniform 
in thickness and is porous as is shown in figure 8(a). Heat treatment did 
not densify the coating much, as can be seen in figure 8{b). However, it 
should be noted that there is very little substrate decarburization which indi- 
cates that this concept of carburizing the coating is a valid approach. How- 
ever, the preheating did result in the formation of a thin oxide layer at the 
substrate-coating interface. It was considered possible that the denudation 
resistance might.be a result of this oxide layer, rather than the carbon- 
bearing coating. Therefore, new specimens were prepared without the sub- 
strate preheat step. Micrographs of one of these specimens are shown in 
figure 9 in the as -deposited and as-heat treated conditions. In many regions 
of this sample, the bond between the coating and substrate was intimate. As 
before, the tendency toward carbide denudation is essentially eliminated. 

A powder metal spray coating containing Ni-20Cr-10Al-0. 1C was de- 
posited onto pin specimens. This source material was prepared by mixing 
together powders of (CrC-Ni-Cr)+ Al+Ni+ Cr. These specimens were heat 
treated and placed on the thermal cycle test. Micrographs of samples of 
this coating are shown in figure 10, where it can be seen that the coating is 
quite porous and that carbide denudation has occurred. The carbon-bearing 
powder forms only a small fraction of the total powder volume. It is con- 
cluded that this coating approach will not prevent decarburization unless car- 
bon can be more generally distributed throughout each powder particle, 
rather than being present in a small fraction of the powder particles. 

Diffusion Barrier Coatings 

A pin specimen was partially coated with variable thickness platinum 
layers by r-f sputter deposition. The pin was held in a fixed position and 
partially masked during sputtering so that the deposit covered about 270° 
of the circumference of the pin. Because of the angle -of -incidence effect, 
the Pt layer was 12-jum-thick maximum and tapered to less than 1 jum. A 
segment of this specimen was overcoated with a layer of E.B. deposited 
Ni-20Cr-10Al-lY; then heat treated for 3 hours at 1160° C in argon. 

Figure 11 shows metallographic cross sections of this coating system 
at three points: (a) no Pt; (b) medium thickness (~5 jjtm) Pt; and (c) thick 
(~12 jLtm) Pt. It appeared that the Pt layer was effective in reducing inter- 
action between the NiTaC-13 and the Ni'~20Cr“10Al-lY. Note that there is an 
indication of porosity in the thick Pt region [figure 11(c)]. We concluded 
that a Pt layer 5 to 7 )um thick should be applied uniformly to additional 
samples. 
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(b) 

Figure 10. Mixed powders spray coating containing 
Ni-20Cr-10Al-0. 1C on NiTaC~13: 

(a) as -deposited, (b) after heat treatment 
500X 
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Figure 11. NiTaC-13 partially coated with a variable 
thickness layer of Pt; then coated with an 
E.B. deposited layer of Ni-20Cr-l0Al-lY; 
then heat treated for 3 hours at 1160“C in 
Ar: (a) no Pt; (b) medium thickness 

(5 ym) Ptj (c) thick (12 pm) Pt. 500X 


18 


GENERAL^ ELECTRIC 


Pin specimens were coated with a 5-jum-thick layer of Pt by sputtering; 
then they were overcoated with a 75-)Ltm-thick layer of Ni-20Cr-10Al-lY. 
Sections were cut from one of these specimens for metallographic examina- 
tion. 

As deposited, the Pt coating was adherent and quite uniform, but the 
NiCrAlY overcoat layer had many spike -type -flaws as is shown in figure 12(a). 

Samples of these pins were heat treated for either 3 hours at 1160° C in 
argon or 1 hour at 1230° C in argon. These are shown in figures 12(b) and (c). 
The 1230° C heat treatment closed the flaws better than the 1160° C heat treat- 
ment. However, there was a tendency for the coating to separate from the 
substrate in the Pt region after 1230° C heat treatment. Therefore, the 
1160° C heat treatment was used for the pins placed on the cyclic oxidation 
test. 


There is a carbide-denuded region adjacent to the Pt layer after heat 
treatment. A carbide -free region (including originally 5 ixm. of Pt) below 
the NiCrAlY layer is 22 /-tm thick after NiCrAlY deposition, and 38 to 44 ;im 
thick after 3 hours at 1160° C or 1 hour at 1230° C. Apparently, the 1000° C 
NiCrAlY deposition causes substantial Pt-substrate interaction and carbide 
denudation. This indicates that the concept of Pt as a diffusion barrier is 
not valid; however, the samples were placed on the cyclic oxidation test. 

Duplex Coating by Pack-Aluminization 

Some of the E.B. coatings and the metal spray coatings were pack-alu- 
minized to increase the aluminum concentration in the outer region. The 
aluminization was done in a 1^ Al-OOj^AlgOa pack that was activated by re- 
acting the A1 powder with HF prior to mixing it with the AI^Oq . The pro- 
cessing conditions were 3 hours at 1060° C in an argon atmosphere. This 
aluminizing technique has previously been used to apply .^6 mg/ cm®Al to 
superalloy substrates. 

This duplex treatment denslfies coatings such as is shown in figure 13(a) 
for the Ni-20Cr-5Al. There is a region of a predominantly white phase 
(probably high Cr) about 25 to 50 jum from the surface of Ni-20Cr-5Al. A 
similar region is found in the duplexed Ni-20Cr-5Al-lY coating as can be 
seen in figure 13(b). 

Of particular interest is the densification of the sprayed NiCrAlYC 
coating as is shown in figure 13(c). The white precipitate phase is not seen 
in this coating; however, there is an interaction region about 38 pm thick 
in the substrate. Carbide fibers remain intact. 

Figure 13(d) is the duplexed Co-30Cr-5Al-lY coating. Very little white 
phase precipitate is observed in this coating. 
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Figure 12. Sputtered Pt + E.B.' deposited Ni-20Cr“ 
lOAl-lY on NiTaC-13: (a) as -deposited, 

(b) after heat treatment: 3 hours at 1160®C 

(c) after heat treatment; 1 hour at 1230°C. 
500X (trans. ) 
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(b) 

Figure 13. Duplex treated (aluminized) coatings on 
NiTaC"13: (a) E.B. deposited 

Ni~20Cr-5Al, (b)E. B. deposited 
Ni-20Cr-5Al-lY. 500X 
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(d) 

Figure 13. (Cont'd) Duplex treated (aluminized) 

coatings on NiTaC-13. (c) metal 
spray deposited Ni-20Cr-5Al~ 

0. lY-0. 1C, (d)E.B. deposited 
Co-30Cr-5Al-lY. 500X 
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CYCLIC OXIDATION TESTS 
1100° C Maximum Temperature Cycling 

A specimen holder for the cyclic furnace oxidation test was fabricated 
from X-750 with a capacity for up to 100 pins. One-hour cycle times were 
used. During each one-hour cycle, the specimens were in the 1100° C static 
air furnace for 50 minutes and then were rernoved for 10 minutes and forced- 
air-cooled to 93° C. Two or more specimens with the following coatings 
were tested: 

E.B. Ni-20Cr-5Al-lY 

E.B. Ni-20Cr-5Al-lY+ aluminize 

E.B. Ni-20Cr-5Al 

E.B. Ni-20Cr-5Al+ aluminize 

E.B. Ni-20Cr-10Al-lY 

E.B. Ni-20Cr-10Al~lY+ aluminize 

E.B. Co-30Cr-5Al-lY 

E.B. Co-30Cr-5Al-lY+ aluminize 

Sprayed Ni-20Cr-5Al-0. lY-0. 1C 

Sprayed Ni-20Cr-5Al-0. lY-0. 1C+ aluminize 

These specimens were removed from test at approximately 50- to 60- 
hour intervals for weight change measurements . 

A difficulty was encountered with several of the oxidation test samples 
in that they tended to "stick" in the specimen holder. This was particularly 
true of the metal spray-coated samples. In forcibly removing these samples 
for weight change measurements, there was a tendency to damage the coat- 
ing, Accelerated oxidation occurred in the damaged areas . 

A new specimen holder was fabricated from X-750 and pack-aluminized 
prior to use. This holder was very resistant to oxidation and the problem 
of specimen sticking was largely overcome. 

Table I is a summary of the cyclic oxidation test results of all of the 
specimens from this program. Specimens of the following six coating com- 
positions survived at least 2000 hours of testing: 

E.B. Ni -20 Cr-5A1+ aluminize (Specimens 4 and 5) 

E.B, Ni-20Cr-5Al-lY+ aluminize (Specimens 15 and 16) 

E.B. Ni-20Cr-10Al-lY; heat treated (Specimen 19) 

E.B. Ni-20Cr-10Al-lY+ aluminize (Specimens 21 and 22) 

E.B. Co-30Cr-5Al-lY+ aluminize (Specimen 27) 

Spray Ni-20Cr-5Al-0. 1C -0. 1Y+ aluminize (Specimens 11 and 38) 

Specimens coated with the three following compositions were available 
for further cyclic oxidation testing: 
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E.B. Ni-20Cr-5Al+ aluminize (Specimen 5) 

E.B. Ni-20Cr-5Al-lY+ aluminize (Specimen 16) 

E.B. Ni-20Cr-10Al-lY+ aluminize (Specimen 22) 

These specimens survived 3000 hours of testing. 

The weight change measurements beyond 1500 to 2000 hours were not 
meaningful because of accelerated oxidation effects that occurred on all sam- 
ples at or near the NiTaC-13/NiCr end -cap interface. Therefore, for the 
2000-hour and 3000 -hour specimens, the primary evaluation technique was 
metallographic examination. It appears that the E.B, coatings without duplex 
aluminizing are generally subject to early failure, probably because of accel- 
erated oxidation through coating flaws. Duplex aluminizing apparently greatly 
improves coating life by sealing the flaws and by increasing the aluminum 
concentration in the outer region of the coating. 

Cross sections of the three 3000 -hour E.B. coatings (without carbon) are 
shown in figure 14. All show retention of 50 to 100 jum of coating. Of these 
coatings, it was decided that the Ni-20Cr-5Al+ A1 would be evaluated on 
Task II because the TaC fibers were retained better than for any of the other 
E.B. coatings. The reasons for this are unclear; howeyer, this observation 
has been made on the 1000-, 2000-, and 3000-hour samples'. Even so, the 
carbide denudation after 2000 hours was 250 to 500 Pm deep into the sub- 
strate, and the remaining fibers were severely affected. 

The second coating selected for Task II evaluation was spray-deposited 
Ni-20Cr-5Al-0. lY-0. 1C+ Al. This coating was designed to minimize fiber 
denudation in the substrate by saturating the coating with carbon. It was 
found in two specimens tested in cyclic oxidation for 2000 hours that this 
approach is sound. Despite coating-substrate interactions, TaC fibers re- 
mained out to the original interface. Cross sections of these two specimens 
are shown in figure 15. Both show retention of 100 to 125 pm of coating. 

One of the specimens was oxidized by preheat treatment prior to spray 
coating; the other was coated without preheating. It can be seen that the 
TaC fibers were retained right up to the original substrate-coating interface. 

The E.B. Ni-20Cr-10Al-lY coating was highly oxidation-resistant; 
however, without the duplex aluminizing, it showed spike oxidation as can 
be seen in figure 16. This spike oxidation is believed to have occurred along 
flaws in the as -deposited coating. 

Except for the Ni-20Cr-10Al-lY coating, the nonaluminized coatings 
showed quite poor oxidation resistance. These failed coatings included: 

E.B. Ni-20Cr-5Al 

E.B. Ni-20Cr-5Al-lY 

E.B. Ni-20Cr-10Al-lY (shot-peened) 

Spray Ni-20Cr-5Al-0. lC-0. lY 
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TABLE I. - CYCLIC OXIDATION OF COATED NiTaC-13 
[Conditions: 1 cycle per hour; 50 min at 1100“C, 10 min cooling to 93° C] 
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TABLE I. - CYCLIC OXIDATION OP COATED NiTaC-13 (Cont'd) 
[Conditions: 1 cycle per hour; 50 min at 1100° C, 10 min cooling to 93° C 3 
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Figure 14. E.B. coatings on NiTaC-13 after 
3023 hours of cyclic oxidation to 
1100°C: (a) Ni-20Cr-5Al+ Al, 

(b) Ni-20Cr-5Al-lY+Al, 

(c) Ni-20Cr-10Al-lY+Al. 
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Figure 15. Spray Ni-20Cr-5Al-0. lY-0. IC+alu- 

minize on NiTaC-13 after 2000 hours of 
cyclic oxidation (1100“ -93°C): 

(a) substrate oxidized prior to spray 
coating, (b) substrate not oxidized prior 
to spray coating. 
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Figure 16. E.B, Ni-20Cr-10Al-lY on NiTaC-13 


after 2000 hours cyclic oxidation 
(1100° -93°C)o 



Figure 17o E.B. Co-30Cr-5AlT-lY+ aluminize on 
NiTaC-13 after 2000 hours cyclic 
oxidation (1100° -S3° C). 
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The E.B. Co-30Cr-5Al-lY+aluminize coating after 2000 hours of cy- 
clic oxidation is shown in figure 17. There was no tendency for this coating 
to delaminate at the coating-substrate interface. The same coating without 
pack-aluminizing has exhibited failure by delamination (ref. 6), and that re- 
sult was confirmed in this study. 

The Pt+Ni-20Cr-10Al-lY coated samples (Specimens 28 to 30) all failed 
and were removed from test. The coating "split" off the substrate in what 
appears to be the Pt region. Possibly a brittle PtAl-type phase forms which 
fails during thermal cycling. 

The powder spray deposited Ni-20Cr-10Al-0. 1C coatings also failed 
early during testing. The coating was severely oxidized at particle bounda- 
ries. Because the carbon was initially present in relatively few of the parti- 
cles (1.5 wt5^), the coating did not retard substrate denudation of TaC fibers. 

1150®C Maximum Temperature Cycling 

In a parallel General Electric -supported effort, samples were subjected 
to one-hour cycling in a static air furnace between 93°C and 1150° C. The 
temperature of 1150° C was chosen to determine if the full temperature ad- 
vantage anticipated for directional eutectic alloys may be realized (ref. 13). 
Because weight change had not been measured for uncoated y/y' NiTaC-13 
for cycling to 1150° C, this alloy was included with coated se.mples. Another 
eutectic type system under consideration for jet engine turbine blade appli- 
cation y/y'" S (Ni, 2.5A1, lO.OCb, 6Cr), was cast and also cycled for com- 
parison. 


The cyclic oxidation response of y/y' NiTaC-13 and y/y'~b are compared 
in figure 18. The advantage held by y/y'“^ 1100° C cyclic oxidation no 
longer exists for 1150° C cyclic oxidation. Weight change data for the two 
alloys at 1150° C are indistinguishable. 

The appearance of pins after 100 hours of cyclic oxidation is illustrated 
in figure 19. All pins were initially 0.25 cm in diameter, with coatings in- 
creasing the diameters to 0.27 cm. Substantial cross section has been lost 
on the uncoated NiTaC-13 and y/y'“^ pins. Most of. the coated pins exhibit 
well -protected midsections, but the ends show signs of cracking and inter- 
action with the cyclic oxidation holder. The coatings shown include E.B. 
Ni-20Cr-5Al, Ni-20Cr-5Al-lY, Ni-20Cr-5Al-0. lC-0. lY (wire -sprayed), 
and Ni-20Cr-10Al-lY. All coatings shown were pack-aluminized as well. 

The spray coating was thicker than is optimum, and subsequent aluminizing 
did not completely bond and densify the spray coating. Localized oxidation 
can be seen on the spray coated pins. 

In terms of weight change measurements for the coated pins cyclically 
oxidized at 1150° C, data for the four coatings are very similar. Figure 20 
compares weight change for one of each of these coatings through 100 hours 


31 



GENERAL^ ELECTRIC 



Figure 18. Weight Change as a function of number of 1-hour 
cyclic oxidation exposures to 1100° or 1150° C for 
NiTaC-13 and y/y'-b pins. 

of cycling. The end-cap attack must be considered in analyzing the data in 
figure 20. Except for data for the spray coated pins exhibiting localized 
oxidation, data probably reflect changes occurring at the end caps, with the 
midsections being much more resistant to oxidation and spallation. 

Microstructures through longitudinal sections of coated NiTaC-13 are 
shown in figure 21. As noted for 1100° C cyclic oxidation, no denudation of 
TaC fibers is seen for 1150° C cyclic oxidation of NiTaC-13 coated with the 
Ni-20Cr-5Al-0. lC-0. lY+Al coating. The denudation in the E.B. Ni-20Cr- 
5A1+A1 was very slight in the 100 -hour test. Both of the other E.B. coatings 
shown in figure 21 caused fiber denudation. The yttrium in the coatings 
seems to have a dominant part in denudation. The presence of Y alone is 
not sxtfficient, since the carbon-containing spray coating also includes O.IY 
in its wire composition. Nor is the absence of Y sufficient to avoid .denuda- 
tion, since fiber loss was noted previously for aluminized Ni35Cr coatings 
(ref. 6) . 
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Figure 19. Macrophotographs of pins 

cycled 100 hours to 1150° C, 

From the top: bare NiTaC-13^ 
bare and pins of 

NiTaC-13 coated with Ni- 
20Cr-5Al+5Al (3 pins), 

Ni'20Cr-5Al-lY+Al (3 
pins), Ni-20Cr-5Al-0. lY-^ 

0. IC+Al (3 pins), Ni~20Cr- 
lOAl-lY+Al (3 pins). 1.3X 

750° C Maximum Temperature Cycling 

In a parallel General Electric -supported effort, samples of uncoated 
y/y NiTaC-13 y/y*" 6 type eutectics with Hastelloy-X were subjected to 
one-hour cycling in a static air furnace between 93° C and 750° C. The tem- 
perature of 750° C was chosen to simulate the maximum temperature likely 
to be reached in the root (or dovetail) section of jet engine turbine blades. 

Weight change data for the three alloys are shown in figure 22. The 
total weight changes for both eutectics after 3100 hours of cycling are small. 
The weight gains correspond to ~3 pm of AlgOs formation for NiTaC-13, and 
~15 Mm of AlgOg formation for y/y'"6> ^ oxidation is uniform. For NiTaC- 
13, the surface of the sample retains a metallic sheen with a slight green 
cast to it. The y/y'“S is no longer metallic in. surface appearance, but is 
covered with a yellow-green layer of oxide. Microstructures of transverse 
sections of the two alloys are shown in figure 23. Apparently, NiTaC-13 
type alloys will not require a coating for turbine blade roots. The preferen- 
tial oxidation in y/ y'-S, observed here and under another NASA program 
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Figure 20. Weight change as a function of number of 1-hour cyclic 
oxidation exposures to 1150° C for coated NiTaC-13 pins. 


(ref. 17), may require coatings for root sections of turbine blades. This 
probability has been noted previously (ref. 13). 

CYCLIC EXPOSURE OF COATED RUPTURE BARS 
Burner Rig Cyclic Exposure 

For the first part of Task II, stress rupture test bars of NiTaC-13 were 
coated with the two preferred coatings: EBNi-20Cr-5Al+ A1 and wire sprayed 

Ni-20Cr-5Al-0. lC-0. lY+Al. These bars were then cycle exposed in a 
burner rig as described in ref. 6. The burner rig used in this study is 
shown in figure 24 (ref. 14). Jet engine fuel (JP-5) was combusted in the 
front section of the furnace, and the hot gases impinged at a. low velocity 
(Mach 0.05) on the bars supported on a rotating sample holder located at the 
rear of the furnace. The combusted fuel heated the bars to 1100° C. The 
rear section of the furnace is split and hinged to rotate away so that it ex- 
poses the sample holder. Samples were removed about once an hour and 
placed in a cooling rack until they cooled to below 93° C. The samples were 
then returned to the burner rig. This process .was. repeated 6 to 8 times 
during normal working hours, and the samples remained at 1100° C for 16 
hours overnight. 
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(a) 



(b) 

Figure 21, Longitudinal sections through coated NiTaC~13 
pins cyclically oxidized 100 hours to 1150° C: 
(a) Ni-20Cr-5Al-0. lY-0. IC+Al, (b) Ni-20Cr- 
5A1+A1. 50 OX 
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(c) 



(d) 

Figure 21. (Cont’d) Longitudinal sections through coated 

NiTaC-lS pins cyclically oxidized 
100 hours to 1150°C: (c) Ni-20Cr- 
5A1-1Y+A1, (d) Ni-20Cr-10Al-lYH-AL 

500X 
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Figure 22. Weight change as a function of number of l~hour 
cyclic oxidation exposures to 750®C for' 

NiTaC-13, y/y'-b, and Hastelloy-X. 

Previous work on cyclic oxidation of coated rupture bars of NiTaC-13 
showed that the roots, shoulders, and ends of the rupture bars exhibited 
early coating failure (ref. 6). For E.B. coatings, this is believed to be 
caused by the very thin coating on ends and roots that results from line -of - 
sight limitations of the process. Once the thin coating is penetrated, oxida- 
tion occurring at the coating substrate interface can limit the usefulness of 
test bars for subsequent stress rupture testing. For this reason, it was 
decided to coat the rupture bars with a flame-sprayed powder while the gauge 
sections of the bars were masked with Ta foil. Two spray powders were 
considered: Ni.-20Cr, and Ni-10Cr-5Al. Both coatings were aluminized to 
accomplish bonding and densification of the powder sprayed coatings. After 
486 hours of cyclic oxidation, the aluminized Ni-10Cr-5Al+ A1 coating was 
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(a) Transverse 



^ ( 

* 


Longitudinal 

Figure 23. Transverse and longitudinal sections through 
(a) NiTaC-13 subjected to 3102 hours of 
cyclic oxidation to 750°C. 7 5 OX. 
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(b) Transverse 



Longitudinal 

Figure 23. (Cont'd) Transverse and longitudinal sections 

through (b) y/y'~ 6 subjected to 

3102 hours of cyclic oxidation to 750“C, 

750X. 
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Figure 24. Photograph of one of the burner rigs used 
at General Electric AEBG, Lynn, Mass. 

Larger diameter rear of furnace is hinged 
so it may be pivoted away to remove sam- 
ples. Temperature in this section of the 
rig is approximately 1100®C. In cyclic 
oxidation testing, samples were removed 
about once an hour, cooled below 93°C, and 
returned to the furnace. Each day this 
process was repeated for 8 hours and then 
the samples were isothermally exposed to 
1100°C for 16 hours. 

superior in appearance and had less weight loss than the Ni-20Cr+Al. The 
Ni-10Cr-5Al+ A1 was therefore selected to coat ends, roots, and shoulders 
on the rupture bars before the gauge section was E.B. coated. Longitudinal 
sections through test pins as deposited and after 48 6 hours of cycling are 
shown in figure 25. 

Coating of the rupture bars was in two steps. First, the powder was 
sprayed onto the unmasked surfaces, after which the Ta foil was removed. 
Then the preferred coatings were deposited onto previously masked gauge 
sections and the bars were pack-aluminized. The coated bars are shown in 
figure 26. 

The 16 coated bars were subjected to the 1100° C burner rig exposure. 
Four bars with each coating were removed from the burner rig after 150 
hours and tested to rupture. These are shown in figure 27. 
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(b) 

Figure 25. Spray Ni-lOCr- 5 A1+ aluminize coatings 
on NiTaC- 13 specimens. (Coatings 
used for end and root protection on 
test bars during burner rig exposure. ) 
(a) as -deposited, (b) after 486 hours 
cyclic oxidation (1100° -950° C). 
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(a) 



i 


(b) 

Figure 26. Coated NiTaC-13 test bars ready for 
cyclic burner rig exposure, (a) E.B, 
Ni-20Cr.-5Al+ aluminize coatings. 

(b) Spray Ni-20Cr-5Al-0.1Y-0.1C+ 
aluminize coatings. 
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m ^ 


(a) 





(b) 

Figure 27. Coated NiTaC-13 test bars after 150 
hours of cyclic burner rig exposure, 
(a) E.B. Ni-20Cr-5Al+ aluminize 
coatings, (b) Spray Ni-'20Cr-5Al- 
0. lY-0. 1C+ aluminize coatings. 
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Figure 27 shows that the bars were experiencing some distress at the 
ends and shoulders. This appears as a result of coating cracks which started 
at the corner formed by the end and shoulder. If a crack formed there, oxi- 
dation can proceed along the coating-substrate interface. 

-The eight test bars scheduled for a 500-hour exposure were removed 
after 312 hours because of end, shoulder, and root coating failure. The non- 
gauge surfaces were recoated using E.B. Ni-20Cr-10Al-lY. Before recoat- 
ing, the areas were lightly grit-blasted to remove "loose" deposits. The 
bars were returned for more exposure; seven of the bars were again removed 
after 48 more hours of exposure. Oxidation attack in the root region was ob- 
served. The eighth bar was removed from exposure after 91 hours for a 
total of 403 hours. 

The bars removed after 360 hours of exposure are shown in figure 28. 






Figure 28. Macrophotographs of coated 
NiTaC-13 stress rupture ‘ 

..bars after 360 hours of 
cyclic oxidation exposure to 
1100° C in a burner rig. 

The top three bars are 
coated with Ni-20Cr-5Al-0. lY- 
0. IC+Al and the bottom 
four with Ni-20Cr-5Al+ Al. 

0. 94X. 
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Considerable oxidation and spallation have occurred with the gauge sec- 
tions also showing attack originating at the roots and extending along the 
gauge length. This deep attack of the gauge section was considered in the 
interpretation of stress rupture results. 

The head areas of the exposed bars were remachined for test at 871° and. 
1100°C in stress rupture. This was necessitated because of the severe oxida- 
tion attack in the root regions. 

Static Air Furnace Cyclic Exposure 

Results of cyclic oxidation in the burner rig indicated that stress rupture 
testing of the exposed bars might be questionable as a result of the oxidation 
in the root and shoulder regions . Therefore, it was decided to coat an addi- 
tional four bars of NiTaC-13 with each of the two preferred coatings. Be- 
cause of the problems already noted, ends of bars were first E.B. coated with 
the gauge section masked. The coating used for the ends was Ni-20Cr-5Al. 
Following end coating, the Ta foil mask was removed and the gauge length 
was wire spray coated with Ni-20Cr-5Al-0, lC-0, lY. The bars were then 
pack- aluminized . 

For the E.B. Ni-20Cr-5Al coatings, a new electron beam vacuum melt- 
ing facility previously unavailable was used. This facility has the capability 
for the rotation and tilting of the sample during deposition, producing a more 
uniform depositited coating over the total surface. These samples were 
coated for a half-cycle, then reversed end for end for the second half- cycle, 
so that both ends of the samples were coated. These bars were then pack- 
aluminized. 

Because of time limitations, it was decided to cycle these bars in a 
1100°C static air furnace. This allowed for 24 hours /day cycling, seven 
days a week, or 168 hours of cycling each week. The burner rig is not 
cycled on weekends, so that only 104 hours (maximum) cycling can be ac- 
cumulated in a week. The equivalence of the burner rig and static air fur- 
nace 1100°C cyclic oxidation tests has been demonstrated previously (ref. 6). 
The dynamic conditions in the burner rig may be more severe than the fur- 
nace conditions, but the total effect 6 to 8 cycles/day in the burner rig are 
less severe than the 24 cycles/day in the automatically cycled furnace test. 

The macrographic appearance of the coated stress rupture bars after 
cyclic oxidation to 1100'’C in a static air furnace is shown in figure 29, It 
can be seen that the E.B. Ni-20Cr-5Al+Al coating has excellent oxidation 
resistance after 158 and 349 cycles. The tilt capability of the new electron 
beam facility has avoided the thin-coated areas in the shoulder of the bars. 
However, substantial oxidation is noted at one end of each bar. In each case, 
that end contained large carbide particles because bars were cut from the 
cast ingots with a blocky carbide sort-out zone. The wire spray-coated 
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Ni-20Cr-5Al-lC“0. lY+Al bars are shown in figure 29(b), The bars were 
cycled for 68 to 333 hours. The top sample had fallen from the cycling holder 
after 68 exposure hours, and rested on the furnace bottom for approximately 
5 hours. Considerable interaction between the furnace ceramic and the coating 
occurred. The other three bars also showed distress at the shoulders and 
roots, but the E.B. end coating appeared to have withstood cycling better than 
did the Ni-10Cr-5Al powder spray-coated end (figures 27 and 28). The Ni- 
20Cr-5Al“0. IC-O.lY+Al wire spray-coated gauge sections were in excellent 
condition, as also noted for the burner rig exposures. 


a) 


158 cycles 

1 

■ •-> 

158 cycles 


349 cycles 

/ ' 
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68 cycles 


143 cycles 


179 cycles 


333 cycles 
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Figure 29. Macrophotographs of coated MTaC-13 
stress rupture bars after cyclic oxida- 
tion exposure to 1100“C in a static air 
furnace, (a) Ni-20Cr-5Al+Al coating, 
(b) Ni-20Cr-5Al-0. lY-0. IC+Al coating. 

1. IX. 
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STRESS RUPTURE BEHAVIOR OF CYCLED AND COATED BARS 
Review of Previous Results for Coated and Cycled NiTaC-13 

An earlier study considered the behavior of NiTaC-13 in a variety of 
conditions, both coated and uncoated {ref. 6). To put the results of the cur- 
rent study ,in proper perspective, it is necessary to go into some detail in 
reviewing the earlier results . 

The actual behavior of NiTaC-13 is shown in figure 30(a) in terms of 
the relation of applied rupture stress to the Larson-Miller parameter P, 
where P is equal to the absolute temperature times the quantity of Logio of 
rupture life (in hours) plus a constant of 20 . The same relation is shown 
schematically in figure 30(b). For uncoated, uncyded NiTaC-13, testing 
in argon results in longer lifetimes than testing in air above some critical 
temperature where the test environment becomes important. The difference 
between air and argon rupture lives increases with increasing temperature. 

For uncycled NiTaC-13 coated with either E.B. Ni-20Cr-15Al-lY or 
with duplex E.B. Ni-35Cr+Al, it was expected that air rupture test would 
result in lifetimes equivalent to argon tests of uncoated NiTaC-13. Instead, 
1093°C rupture lives of coated bars were about equivalent to uncoated air 
tested bars, while at 871°C, where uncoated NiTaC-13 has essentially the 
same life in air or argon, the coated bars exhibited about a 'parameter loss. 
This is shown schematically in figure 31. The results can be considered 
as a parameter loss from the argon tested uncoated material over the whole 
temperature range. It has been shown that the loss in lifetime does not 
result from the diffusion heat treatment (3 hours, 1160°C, argon) given the 
coated bars (ref. 6) . Possibly the diffusion interaction zone formed between 
coating and the eutectic substrate maybe the cause of the degradation, or 
the coated surface maybe an easier site for stress rupture crack initiation 
than is the uncoated surface. 

When uncoated NiTaC-13 was exposed to 1 hour 1100“C to 200°C temper- 
ature cycling, large changes in stress parameter relations were observed 
(ref. 6). When uncoated bars were cycled in vacuum and tested in argon to 
prevent any interaction with environment, there was a degradation in behavior 
caused by cycling. The degradation increased with the number of cycles, as 
shown schematically in figure 32. Therefore, even with a perfectly protec- 
tive, noninteracting coating, a degradation in behavior would be expected 
as a result of cycling. If uncoated NiTaC-13 is cycled in air and tested in 
air, a much greater degradation is observed, as shown schematically in 
figure 33. It should be remembered that a 0. 254-cm-diameter pin of NiTaC- 
13 is reduced to 0.23 cm in 50 hours, 0.20 cm in 100 hours, and 0. 18 cm in 
150 hours of 1100°C cycling oxidation. If degradation in stress rupture resis- 
tance were compared based on the original 0.254 cm diameter rather than the 
diameter after cycling, parametric losses would be still greater. 


47 










ELECTRIC 



Figure 31. Schematic diagram comparing expected and ob- 
served air stress rupture behavior of coated 
NiTaC-13 to the behavior of uncoated NiTaC-13 
tested in air and argon. 



Figure 32. Schematic diagram showing degradation of 
NiTaC-13 in stress rupture following cyclic 
exposure to 1100°C in vacuum. 
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Figure 33. Schematic diagram showiag severe degradation of 
NiTaC-13 in stress rupture following cyclic expo- 
sure to 1100°C in air. 

The interrelationship hetween environment and cycling behavior is sum- 
marized schematically in figure 34. After a constant number of cycles, 
three conditions are compared for uncoated NiTaC-13: argon tested with no 
environmental interaction during cycling (i. e., as if coated with a perfect 
coating), air tested with no environmental interaction during cycling (i. e. , as 
if coated with a perfect coating during cycling, but with the coating removed 
before air testing), and air tested with interaction during cycling (i.e., an 
uncoated bar). The degradation caused by environmental interaction relative 
to the behavior of the perfect coating material is as expected. (ref. 6). 

Results of coated and cycled material are compared in figure 35 to the 
same three conditions shown in figure 34 (ref. 6). Stress rupture behavior 
of NiCrAlY coated samples was essentially equal to that of a "perfect coating" 
test at 1093“C, although somewhat below that behavior at 871°C. The duplex- 
coated samples showed behavior more like that of the case of perfect coating 
during cycling with coating removed prior to test. In fact, microstructures 
of the duplex-coated, cycled bars after rupture testing showed substantial 
delamination of the coating along a nearly continuous, thick a-Cr layer that 
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Figure 34. Schematic diagram comparing stress rupture re- 
sistance of NiTaC-13 after cycling in vacuum and 
testing in argon or air, and after cycling in air 
and testing in air. 



Figure 3 5. Schematic diagram comparing stress rupture re- 
sistance of cycled and coated NiTaC-13 and un- 
coated NiTaC-13 cycled as in figure 34. 
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formed during interdiffusion (ref. 6). The a-Cr layer formed in the NiCrAlY 
coated material was globular a-Cr in a Y or P-NiAl matrix. The NiCrAlY 
coating showed no delamination. For both coatings, rupture behavior was 
far superior to the behavior of uncoated, cycled NiTaC-13 tested in air. 

Mechanical Properties of Coated and Cycled Rupture Bars 

As was shown in figures 27 through 29, substantial coating loss in the 
heads of samples occurred during cycling. The gauge sections coated with 
the preferred Ni-20Cr-5Al+Al or Ni-20Cr-5Al-0 . lC-0. lY were well protected, 
but where the end coatings overlapped the gauge coating, there was oxidation 
damage. Five of the burner rig cycled samples and one of the static air fur- 
nace cycled samples lost so much cross section in the heads that they pulled 
through the loading grips during rupture testing and were therefore unloaded 
prior to failure. The rupture lives in air at 871°C/434.4 MN/m^ and at 1100°C/ 
103.4 MN jxe? are recorded in Table II as a function of number, of oxidation 
cycles to 1100'’C for NiTaC-13 with the two preferred coatings, cycled either 
in the 0.05 Mach burner rig or the static air furnace. Where duplicate rup- 
ture tests to failure were run, substantial differences in life are noted. For 
example, the burner rig cycled (148 hours) Ni-20Cr-5Al+Al coated bars 
showed lifetimes of 106 to 173 hours at 434.4 MN/m^, and 158 to 194 hours at 
103. 4 MN/m2. The large differences are probably a result of the quality of 
the test bars after cycling rather than due to the inherent behavior of the pre- 
ferred coatings. 

TABLE II. - AIR TEST RUPTURE LIVES OF CYCLICALLY 
EXPOSED COATED NiTaC-13 

[1100°C to 93°] 

Cycles 871‘’C/434.4MN/m^ 1100»C/l03.4MN/m^ 


Environment 

Coating 

(# hr) 

Rupture Life (hr) 

Rupture Life (1 

Burner 

Ni-20Cr- 

148 

106.2 

193.8 

Rig 

5A1+A1 

148 

172.9 

157.7 

(0.05 mach) 


360 

59, 7 

— 



360 

2. l-i-(NF) 

24.5 



403 


89.4+(NF) 


Ni-20Cr- 

148 

888.2+(NF) 

90.4 


5A1-0. IC- 

148 

73.4 . 

49. 1 


O.IY+Al 

360 

47.2 

50.4 



360 

37. 5+(NF) 

10.3+(NF) 

Static 

Ni-20Cr- 

158 

237.9 

145. 5 

Air 

5A1+A1 

349 

137.4 

63. 5 

Furnace 

Ni-20Cr- 

94 

68.0+(NF) 

— 


5A1-0.1C- 

143 

• 

110.6 


0. lY+Al 

179 

156.8 

— 



333 

-- 

106.0 

NF - No failure; sample pulled through loading grips. 
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Comparison of the stress rupture behavior of coated NiTaC-13 for coatings 
of the present program relative to coatings in the earlier program (ref. 6) is 
difficult. Numbers of cycles, test temperatures, and test stresses are dif- 
ferent between the two studies. However, in figure 36 a bar graph is drawn 
in an attempt to make a comparison from the available data. For the coatings 
tested in the earlier program, lifetimes are extrapolated from available data 
whenever different test conditions were used (ref 6). The four coatings are 
compared in terms of stress rupture lives at 870°C/434.4 MN/m^ and at 1100'’C/ 
103. 4 MN/m2 . Each coating is represented by two bars for each test condition, 
the top bar being the maximum rupture life after short-time cycling (150 hours) 
and the bottom bar being the maximum rupture life after long-time cycling 
(2350 hours). 


Ni20Cr5AI 
+ AI 

Ni20Cr5AI. 
1C. lY+AI 

Ni20Cr 15 Al 
lY 

Ni35Cr+Al 


870®C/434MN/m' 












i 


IIOO'>C/l03MN/m^ 


0 100 200 250 

RUPTURE LIFE (HRS.) 



Figure 36. Comparison of stress rupture behavior of NiTaC-13 
coated with different coatings after 1100°C cyclic 
oxidation for 150 hours (top) and ~350 hours (bottom). 


Both preferred coatings of the present study appear to be superior to the 
Ni-35Cr+Al coating at both test conditions. This is especially true when con- 
sidering that the long time cycle for Ni-35Cr+-Al was only 250 hours and the 
others approximately 350 hours. On the average, both preferred coatings 
of the present study appear to be slightly inferior (at approximately 3 50-hour 
exposures) to the Ni-20Cr-15Al-l Y coating, while the opposite is true at the 
150 -hour exposure. 

These conclusions must be tempered by the difficulties encountered in 
cyclic oxidation and rupture testing because of failure of the end coatings. 

As will be shown shortly for the burner rig cycled bars, failures occurred 
in nearly every case at a point near the root where end coatings had failed. 
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Lifetimes of bars completely coated with the preferred coatings would be 
expected to be greater. This is borne out in a comparison of S-R lives of 
bars coated in the tilting unit (cycled dn static air furnace) and those coated 
prior to the acquisition of the tilting capability (cycled in burner rig) as 
presented earlier in Table II. 

Another point should be made regarding the properties obtained for 
NiTaC-13 coated with the preferred coatings of the present study. The pre- 
ferred coatings were chosen on the basis of their prevention of carbide fiber 
denudation. However, NiTaC-13 has a matrix nearly as strong as the com- 
posite and the alloy may not be strongly dependent on the presence of the 
carbide fibers for reinforcement. For the attainment of the high temperature 
goals now under study for Ni-base TaC eutectics, carbide reinforcement at 
high temperatures may become the dominant factor. If this is so, then a 
coating such as Ni-20Cr-15Al-lY will be inadequate because of fiber loss. 

The coatings of the present study will be much more desirable for such eutec- 
tics because of the avoidance of fiber denudation. 

Macro- and Microscopic Appearance of Coated and 
Cycled MTaC-13 After Rupture Testing 

The macroscopic appearance of the burner rig cycled samples after 
rupture testing is shown in figure 37, No difference can be noted between 
bars coated with Ni-20Cr-5Al+Al and with Ni-20Cr-5Al-0 . lC-0. lY+Al, All 
show substantial root attack as already discussed, and most show failure 
near the root where the end coatings have failed. 

Microstructures of the carbon containing coating, Ni-20Cr-5Al-0. 1C’ 

0-. lY+Al, are shown in figures 38 and 39, for low “temperature testing, short 
time and long time cycling, respectively. Structures are similar to the 
cycled pin samples discussed earlier. Failures in the low -temperature 
tested bars show evidence of crack propagation along sigma phase plate 
boundaries with the surrounding matrix, much as was described in a previous 
study (ref. 6 ). High-temperature tested bars show considerable necking 
and no evidence of the sigma phase influencing the fracture path. Of course, 
carbide fibers are observed out to the coating- substrate interface. This is 
as expected, since pins cycled for 2000 hours showed fibers retained to the 
coating-substrate interface. A decrease in A1 content of the coating for 
increasing cycle time is indicated by the decrease in volume fraction of 8 -NiAl 
in the coating. The loss of A1 occurs by inter diffusion with the substrate and 
by formation and eventual spallation of AI 2 O 3 at the coating surfabe. 

A similar series of micrographs of the fracture is shown in figures 40 
and 41 for bars coated with Ni-20Cr-5Al+Al. Again, microstructures are 
as expected from pins cycled much longer times. Excellent bonding of 
coating and substrate was noted in all samples, with no indication of delamina- 
tion of the preferred coatings. Little fiber loss is noted after 360 hours of 
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Figure 38. Longitudinal sections through NiTaC-13 bars 
coated with Ni-20Cr-5Al-0. lY-0, IC+Al rup- 
ture tested at 871°C, 434 MN/m^ in air after 
1100°C cyclic oxidation for (a) 148 hours and 
(b) 360 hours. 500X 
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(b) 

Figure 40. Longitudinal sections through NiTaC-13 bars 
coated with Ni-20Cr-5Al+Al rupture tested at 
871°C, 434 MN/m^ in air after 1100®C cyclic 
oxidation for (a) 148 hours and (b) 360 hours. 

500X 
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(b) 

Figure 41. Longitudinal sections through NiTaC-13 bars coated 
with Ni-20Cr-5Al+Al rupture tested at 1100®C, 103 
MN/ra^ in air after 1100°C cyclic oxidation for (a) 
148 hours and (b) 360 hours. 500X 
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1100°C cycling. Eventually^ this carbon-free coating would show substantial 
denudation, but at a much slower rate than for similar coatings containing 
yttrium, as was shown earlier in Task I for pin samples . 

Figure 42 shows microstructures for the powder-spray Ni-10Cr-5Al+Al 
coating used on test bar heads. Delamination of the coating from the substrate 
can be seen, and oxidation of both coating and substrate. Also shown is a 
micrograph of the region of overlap of the end coating and the carbon contain- 
ing coating along the gauge of the test bar. The lower Cr content of the end 
coating is obvious from the lack of formation of a-Cr particles at the coating- 
substrate interface. After 360 hours of cycling some fiber loss is apparent 
at the end coating-substrate interface, but not substantial amounts. As was 
the case for Ni-20Cr-5Al+Al and Ni-35Cr+Al coatings, the Ni-lOCr-5Al+Al 
end coating shows delayed fiber denudation when compared to yttrium-con- 
taining, carbon- free coatings, 

TEST OF COATING DUCTILITY 

In addition to rupture testing and microstructural analysis of rupture 
bars. Task II of the present study included a room-temperature coating 
ductility test of one of the preferred coatings. The Ni-20Cr-5Al+Al coating 
was chosen for testing. The ductility test used is based on a technique 
developed by M, F. Henry (refs. 15 and 16) to determine the strain at first 
fracture of TaC fibers in a Ni-Cr matrix. In that study, rectangular cross- 
section bars were metallurgically polished on one surface parallel to the . 
growth direction. The bars were then deformed in a three-point bending 
fixture, with the bars so positioned that the fibers in the polished surface 
were in tension. Strain was increased incrementally until fibers failed. 

Plastic replicas of the polished surface were made at each increment of 
strain so that the fracture strain could be determined accurately. In this 
way, the sample need never be unloaded during test for examination. 

The technique was successfully used for the coating in this study by 
M.F. Henry, who performed the tests and made the plastic replicas. A 
schematic of the test is shown in figure 43. The strain at midspan is 
given as: 

6 h 6 

^ L2 ' 

where h is the sample thickness; L is the distance between the outer loading 
points; and 6 is the midspan deflection. The deflection is obtained by rotating 
the threaded midspan loading point in the fixture, and is given by: 

0. 106 cm ^ 

^ ~ 360° 

where 9 is the angle of rotation of the loading point. For a 0. 15 cm thick 
by 3. 18-cm-long span, strain e is related to 0 by; , 

e = 2,67* 10“® 0 
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Figure 42. Longitudinal section through NiTaC-13; 

(a) at overlap between Ni-20Cr-5Al-0. 1Y~ 
0. IC+Al gauge coating and Ni-10Cr-5Al+Al 
root coating, 750X; and (b) at root showing 
Ni-10Cr-5Al+Al delamination. 250X 


GENERAL^ ELECTRIC 



ch 

LOAD 


Figure 43. Schematic diagram of a three-point bend 
fixture used to examine coating ductility. 

Figure 44 shows a NiTaC-13 test bar coated with Ni-20Cr“5Al+Al. The 
A1 overlayer was deposited by electron beam vaporization followed by heat 
treatment so as to selectively aluminize the region of the test bar coated 
with Ni-20Cr-5Al. Selective aluminization by the pack process would have 
required masking. The bright region along the top half of the bar is the 
coating. The- remainder of the bar was masked to prevent coating of a line 
of microhardness indentations . The indentations were made along the bar 
and across the center of the bar in the uncoated region to act as fiducial marks 
so that the same region of the replica of the coated surface could be found 
after each increment of strain. Figure 45 shows a micrograph taken with 
the scanning electron microscope (SEM) of the fiducials at the midspan. 



Figure 44. Macrophotograph of coating ductility 
bar with Ni-20Cr-5Al+Al. 
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Figure 45. SFM micrograph of replica of fiducial marks used 
to locate replica center. 400X 


Figures 46 and 47 compare SEM photomicrographs of the actual coating 
surface and replicas of that surface, respectively. The globular nature of 
the aluminized coating in figure 46. is reflected as dimples in the replicas in 
figure 47. Cracks in the coating in figure 46 become plastic tongues extend- 
ing out of the surface in figure 47. The increasing depth of cracking with in- 
creasing strain is indicated by the longer tongue in the higher strain replica. 



Figure 46. SEM micrograph of crack running through the coating 
on a three-point bend bar after coating ductility test. 

800X 
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Figure 47, 




SEM micrographs of replicas of cracks running 
through the coating on a three-point bend bar 
after 0.8 (top) and 1.3^ strain (bottom). iOOOX 




GENERAL^ ELECTRIC 


A replica of the as -coated bar is shown near the midspan of the specimen 
in figure 48. The fiducials can be seen at the far right and bottom right of 
the figure. The coating extends from the center to the left of the micrograph. 
No cracks could be found in the as-coated replica. 


Figure 48. SEM micrograph of replica of as -coated 
bar. lOOX 

A replica of the same region as shown in figure 48 is shown in figure 49 . 
after 1, 3y^ strain. Midspan is again in the lower corner of the micrograph. 

A large number of cracks can be seen in the coating, and the cracks are 
quite uniformly spaced. The spacing at midspan is about 0.2 mm. Higher 
magnification photomicrographs of the same region are shown in figure 50 
for replicas taken at 1.3^, 0.85^, 0.6^, and 0.5^ strain. Crack spacing 




, ■ “ - / ■ , f.' - i 

'k. 


Figure 49. SEM micrograph of replica of coated bar 
strained 1, 3^. 40X 
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(a) 



(b) 


Figure 50. 


SEM micrographs of replicas of coated bar 
strained: (a) 1.2,$, (b) 0.8^. lOOX 
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(d) 


Figure 50, (Cont'd) SEM micrographs of replicas of 

coated bar strained: (c) 0. 6^, 

and (d) 0.5^. lOOX 
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decreases rapidlywith increasing strain, and few cracks are seen in the 0.6^ 
strain replica. A thorough search at lOOOX showed no cracks in the 0. 5^ 
strain replica. At the extreme top of the 0 . 6^ strain replica, a crack is 
barely visible. This crack is shown more clearly in figure 51. The photo- 
micrograph was taken with the crack centered in the field of view. The 
crack was not apparent at 50X. 



Figure 51. SEM micrograph of replica of coated bar strained 
0.6^. lOOX ■ 
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Metallography through the coating- substrate interface has been performed 
as is shown in figure 52. It can be seen that crack propagation is limited to 
the coating and does not extend into the substrate alloy. 



Figure 52. Micrograph of transverse section through 
tested coating ductility bar coated with 
Ni-20Cr-5Al+Al. Cracks limited to 
coating. 250X 

The tensile ductility replication technique is a very useful method for 
determining room-temperature coating crack initiation at very low strains . 

A magnification of lOOX for crack observation is apparently necessary to 
see the very beginnings of craok initiation. The method can be extended 
easily to coating crack initiation studies at temperature, provided precau- 
tions are taken to ensure that cracks are not initiated during the cooling cycle 
for replication. The method can also be coupled to acoustic or ultrasonic 
methods for verification of crack initiation. 

SUMMARY OF RESULTS 

Environmentally stable coatings for a high-strength, directionally solid- 
ified eutectic alloy designated NiTaC-13 were developed in this program. In 
Task I, three-base system coatings were evaluated by depositing onto pins 
of aligned NiTaC-13. The coatings applied were: 

1, Ni-20Cr-10Al-lY 

(a) E.B. deposited. 

(b) E.B. deposited and subsequent shot peen. 

(c) Sputtered Ft layer and subsequent E.B. deposit. 

(d) E.B. deposited and subsequent pack aluminize. 

2. Ni-20Cr-10Al-0.1C 

(a) Mixed powder spray. 
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3. Ni-20Cr-5Al . . 

(a) ,E.B. deposited. 

(b) E.B. deposited and aluminize. ' 

4. Ni-20Cr-5Al-lY 

(a) E.B. deposited. 

(b) E.B. deposited and aluminize. 

5. Ni-20Cr-5Al-0.1C-0.1Y 

(a) Spray coated. 

(b) Spray coated and aluminize. 

(c) Spray coated, no substrate preheat. 

(d) Spray coated, no substrate preheat and aluminize. 

6. Co-30Cr-5Al-lY 

(a) E.B. deposited. 

(b) E.B. deposited and aluminize. 

(c) E.B. Ni and E.B. deposited and aluminize. 

(d) E.B. Ni and E.B. deposit. 

The pins were exposed in air in a 1-hour cycle to 1100°C. The coatings 
were evaluated with respect to oxidation resistance and minimizing coating- 
substrate interaction. 

In all cases-, Ni based 'coatings with and without an. aluminized overlsiy, 
were superior to cobalt base in oxidation. Ni based carbon bearing coatings 
minimized fiber' denudation while the other coatings did not. 

In Task II, two preferred coatings were evaluated; Ni-20Cr-5Al-0. lC-0. lY 
spray coated and aluminized, and Ni-20Cr-5Al E.B. and aluminize. These 
coatings were given detailed evaluation as follows : 

(a) Room-temperature ductility measured by bend tests, 

(b) Stress-rupture tests at 871°C and 1100°C after cyclic burner 
rig exposure at 1100°C, 

(c) Metallurgical analyses. 

Both coatings provided for stress rupture lives far in the excess of lives 
for uncoated, cycled NiTaC-13. Lives were superior to those for bars 
coated with Ni-35Cr+Al, and nearly equivalent to those for bars coated with 
Ni-20Cr-l 5A1-1Y, reported in an earlier study. 

Coating cracking in room-temperature bend tests for Ni-20Cr-5Al-fAl 
occurs at 0. 5^ to 0.6^ strain; however, no crack propagation into the sub- 
strate was observed. 
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The microstructure of burner rig exposed and rupture tested samples 
were consistent with those of burner rig exposed pins --a coating substrate 
interaction zone with sigma phase present, and for the non -carbon bearing 
coatings, a region of fiber loss . 

CONCLUSIONS 

1. Duplex aluminized NiCrAl-type coatings -.-based on NASCOAT 70-- 
provide excellent environmental protection for NiTaC-13 (V/Y'-TaC) type 
eutectic alloys, Ni-20Cr-5Al+Al, Ni-20Cr-5Al-lY+Al and Ni-20Cr-10Al- 
lY+Al coatings had 3000-hour lifetimes in the llOO" to 9Q°C cyclic furnace 
test. 


2 . The addition of carbon to the coating chemistry substantially eliminates 
the problem of fiber denudation in TaC-type eutectic alloys. A Ni-20Cr-5Al- 

0, IC-O. lY+Al coating showed essentially no denudation after 2000 hours on 
the 1100° to 90°C cyclic oxidation test. 

3. Stress rupture tests, following cyclic exposure for up to 403 hours 
to 1100°C were conducted at 871°C (434.4MN/m^) and 1100°C (103. 4MN/m^) . 
NiTaC-13 coated with Ni-20Cr-5Al+Al was marginally superior to NiTaC-13 
coated with Ni-20Cr-5Al-0. lY-0. IC+Al. Both coatings provided for stress 
rupture lives far in excess of lives for uncoated, cycled NiTaC-13. Lives 
were superior to those for bars coated with Ni-3 5Cr+Al, and nearly equiva- 
lent to those for bars coated with Ni-20Cr-15Al-lY, reported in an earlier 
study. 

4. Coating cracking in abend test at room temperature for Ni-20Cr-5Al+ 
A1 occurs at 0 , 5^ to 0.6^ tensile strain; however, no crack propagation into 
the substrate was observed. 


RECOMMENDATIONS 

This study has demonstrated that duplex aluminized NiCrAl-t 3 p>e coat- 
ings containing carbon offer excellent environmental protection for y/Y' -T aC- 
type eutectic alloys. In particular, a coating of the type NiCrAlYC+Al should 
be further developed. It is recommended that a follow-on program should 
consist of the following tasks : 

1. NiCrAlYC compositions and processes refinement. 

2 . Detailed mechanical properties evaluations with emphasis on thin 
section testing. 

3. High Mach number burner rig testing of preferred coatings, 

4. Initiation of 2100°F oxidation testing of selected coatings. 
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